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1976. -The systemic administration of norepinephrine has minimal effects on the cerebral circulation, perhaps due to blood-brain barrier mechanisms.
To test this hypothesis, the cerebrovascular effects of norepinephrine beyond the blood-brain barrier were studied in anesthetized baboons. Intraventricular norepinephrine (40 pg/kg) resulted in significant increases in cerebral blood flow (40%), cerebral oxygen consumption (21%), and cerebral glucose uptake (153%). Intracarotid hypertonic urea opens the blood-brain barrier by osmotic disruption. Consequent to hypertonic urea, the intracarotid infusion of norepinephrine, 50 ng/kg*min, significantly increased cerebral blood flow (49%), cerebral oxygen consumption (21%), and cerebral glucose uptake (76%). It appears probable that the cerebrovascular responses to norepinephrine are dependent on the integrity of the blood-brain barrier. It is likely that the increase in cerebral blood flow, associated with norepinephrine when it bypasses the barrier, is secondary to an increase in cerebral metabolism.
cerebral blood flow; cerebral metabolism; hypertonic urea; intraventricular norepinephrine; baboons THECEREBRALCIRCULATORYRESPONSE tonorepinephrine is currently a matter of some debate, as evidenced from the diversity of opinions in a number of recent reviews (20, 29, 33, 37) . Equivocal results ranging from cerebral vasodilation, through no effect, to cerebral vasocontriction have been reported. A sympathetic innervation of the cerebral circulation has been demonstrated in various histochemical and electron microscopic studies, although it would appear that it is only the larger, extraparenchymal arteries that receive this nerve supply (7, 23, 34) . Both in vitro preparations and in vivo studies in which the application of norepinephrine would have no systemic effects (24, 40) have shown that norepinephrine constricts cerebrovascular smooth muscle, but only at high concentrations. Autoradiographic (1, 18), inert gas (8, 26) , and other direct (38) techniques for cerebral blood flow measurement have revealed that norepinephrine, or cervical sympathetic nerve stimulation, will effect only a small decrease in resting cerebral blood flow on the order of 510%.
The minimal reactivity of the cerebral vasculature to circulating norepinephrine-might be due to the inability of this amine to cross the blood-brain barrier (25). Therefore, two series of experiments were carried out in anesthetized baboons to test this hypothesis. Cerebral perfusion and metabolism were measured in the following series of experiments.
In the first series, norepinephrine was injected into a lateral cerebral ventricle. In a separate series of experiments, norepinephrine was infused into one internal carotid artery after the bolus injection of a hypertonic urea solution. This procedure is known to effect a transient disruption of the blood-brain barrier because of osmotic shrinkage of the cerebral endothelial cells (31).
MATERIALS AND METHODS
Young, healthy baboons (Papio anubis and Papio cynocephalus), weighing between 10 and 30 kg, were sedated with 12-20 mg phencyclidine. Subsequent to the intravenous injection of thiopentone sodium (7.5 mg/kg) they were intubated and connected to a positive-pressure ventilator delivering 75% N,O and 25% 0, in open circuit. Phencyclidine (2-4 mg, im) was administered half-hourly, and suxamethonium (50 mg, im) was administered at the same time in order to control ventilation. The minute volume of the ventilator was adjusted as necessary in order to maintain normocapnia (Pace, close to 40 mmHg). The oxygen tension of arterial blood (Pa& was always greater than 100 mmHg. Body temperature was maintained around 37°C with infrared heating lamps. Catheters were introduced into the abdominal aorta and the inferior vena cava (through the femoral vessels) to allow the measurement of mean arterial blood pressure (MABP), and the infusion of saline, respectively. Another catheter was inserted into one linguofacial artery, and the remaining branches of the external carotid artery were ligated on that side. The ipsilateral scalp and temporal muscle were resected. Through a small bur hole, a fine catheter was inserted into the superior sagittal sinus for the withdrawal of cerebral venous blood and the craniotomy was sealed.
Regional cerebral blood flow (rCBF) was determined by the intracarotid injection of the radioactive inert gas, 133Xenon. The isotope, dissolved in saline and warmed to 37°C was injected through the linguofacial catheter. The scintillation detector was mounted over the denuded calvarium in the parietal region, and the cerebral blood flow (CBF) calculated from the height/area equation (16).
At each CBF determination, both arterial and cerebral venous blood samples were taken and Pcq, pH, and Paz measured on a direct-reading electrode system (Corning). Blood oxygen saturation was also measured using a hemoreflector (Kipp & Zonen) and the blood hemoglobin content determined calorimetrically (Pye Unicam) because facilities for direct determination of oxygen content were not available. Arterial and cerebral venous blood glucose concentrations were measured by a standard enzymatic assay. The cerebral oxygen consumption (CM&,) was calculated from the product of the CBF and the arteriovenous oxygen content difference, and the cerebral glucose uptake (CMR,,,) from the product of the CBF and arteriovenous blood glucose difference. In seven animals a fine catheter was inserted into the anterior horn of the lateral ventricle on the same side as that of the CBF estimation.
Norepinephrine bitartrate (40 pg/kg, as salt) was injected into the lateral ventricle after at least three base-line determinations of CBF, CMRo,, and CMRm -Norepinephrine was dissolved in 0.1 ml mock cerebrospinal fluid (CSF) immediately prior to use and was then flushed in with a further dose of 0.05 ml mock CSF. Intracranial pressure was measured through the ventricular catheter. Norepinephrine was injected on a total of 10 occasions in seven animals, and repeated measurements of all the observed variables were made at approximately 20-min intervals. On seven separate occasions the effects of a 0.15"ml injection of mock CSF alone were examined as a control.
Zntracarotid norepinephrine after hypertonic urea. A total of 11 animals were used in this study. In six animals the effects of intracarotid norepinephrine infusions on cerebral blood flow and metabolism were studied after osmotic disruption of the blood-brain barrier. In three of these animals the effect of intracarotid norepinephrine alone was first examined, and in the other three animals the effect of intracarotid hypertonic urea alone was first investigated.
The barrier was opened by a modification of the method of Rapoport et al. (31) . Between 7 and 10 ml of hypertonic urea (2 osM) was injected into one carotid artery, through the lingual artery catheter, over a period of 15 s. Care was taken to ensure that the pressure within the cannula, during injection, was not more than 10 mmHg above the MABP in each animal. The norepinephrine infusion (50 ng/kg*min) was started immediately after the urea injection.
The CBF estimation was made after the MABP had returned to resting values (3-5 min after the urea injection) since a biphasic response of arterial pressure was usually noted. Urea alone occasionally effected an initial, though variable, moderate hypotension, which was always followed by a moderate' hypertension (as seen in Fig. 1 ). Bradycardia, effected by the urea infusion, was more sustained and returned to normal over a 20-min period.
As controls, in six animals the effects on CBF, CMR,,, and CMRGlc of hypertonic urea by itself were studied. In three animals the effects of an'intracarotid norepinephrine infusion after hypertonic urea were later studied, in one animal the effects of an intracarotid norepinephrine infusion alone were first studied, and in two animals the effects of hypertonic urea only were examined. In a total of six animals the cerebral vascular and metabolic effects of intracarotid norepinephrine infusion were studied prior to osmotic opening of the blood-brain barrier. In three animals the effects of norepinephrine after hypertonic urea were later examined, in one animal the effects of hypertonic urea alone were later examined, and in two animals the effects of intracarotid norepinephrine only were studied. The statistical comparison used in these experiments was the Student paired-t test.
RESULTS
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In the seven animals in which 0.15 ml mock CSF alone was injected into a lateral ventricle, no significant changes in Pacoz, CM&,, CM&ic, CBF, or MABP were noted (Table 1) . Estimations of these variables were made up to 60 min after the intraventricular injection of mock CSF. The pH of the mock CSF (7.15) was adjusted to the pH of the mock CSF containing norepinephrine (6.9) in three of these animals. In contrast, the intraventricular injection of 40 pg/kg norepinephrine, dissolved in 0.1 ml mock CSF, effected significant increases in CBF (Fig. 2) . Cerebral oxygen consumption was increased (P < 0.05) from 2.78 t 0.10 to a maximum of 3.44 t 0.42 ml/100 gemin (mean t SE); and cerebral glucose uptake from 4.21 t 0.42 to 10.65 t 2.96 mg/lOO gemin (P < 0.05). These increases in metabolism accompanied the period of increased cerebral blood flow subsequent to intraventricular norepinephrine. Neither Pace, nor MABP differed significantly from their respective mean base-line values of 39.7 t 0.4 mmHg and 96 t 3 mmHg (means t 1 SE) subsequent to intraventricular norepinephrine. Intracarotid norepinephrine after hypertonic urea. The intracarotid infusion of norepinephrine (50 rig/kg per min) by itself did not significantly alter PacO,, CMRGlc 9 or CBF in six animals. Systemic arterial pressure rose slightly to llO%, and oxygen consumption by the brain decreased to 96% of base-line values ( Table 2) .
The effects of the intracarotid bolus injection of hypertonic urea alone are shown in Table 3 . There was no significant difference in any of the measurements made.
Confirmation of barrier disruption was obtained in two ways. In two animals the intravenous injection of penicillin G (1 g) gave rise to high voltage paroxysmal activity on the electroencephalogram (EEG) only after the disruption of the blood-brain barrier with hypertonic urea. Penicillin is normally incapable of crossing the blood-brain barrier and has been used experimentally to detect alterations in the blood-brain barrier (10). In other animals 3 ml/kg of a 2.5% solution of Evans blue was injected intravenously prior to the administration of the hypertonic urea. When the animals were sacrificed the brains were found to have been stained heavily with Evans blue. This dye binds to plasma proteins so that cerebral tissue is stained only when there is an alteration in the permeability of the bloodbrain barrier.
The bolus injection of hypertonic urea was combined with the intracarotid infusion of 50 ng/kg*min norepinephrine in six animals. Arterial Pco2 was unaltered but a slight pressor response was noted, as was seen with norepinephrine alone (Table 4) . However, cerebral blood flow, and oxygen and glucose consumption by the brain were all significantly elevated. The percentage changes from base-line values in the three conditions studied (norepinephrine alone, hypertonic urea alone, and norepinephrine after hypertonic urea) are shown in Fig. 3 . 
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The data are from six animals. * 7-10 ml of 2 osM urea solution over 15 s. 
DISCUSSION
The intraventricular administration of high doses of norepinephrine gave rise to an increase in CBF accompanied by increases in oxygen and glucose consumption by the brain. Likewise, the intracarotid infusion of norepinephrine increased cerebral blood flow, and oxygen and glucose consumption after transient disruption of the blood-brain barrier with hypertonic urea. These responses could be explained by the ability of norepinephrine to bypass, and produce effects beyond, the blood-brain barrier under the experimental conditions that were studied.
Nature of blood-brain barrier to monoamines. Oldendorf (25) measured the brain uptake of various amines, including norepinephrine, against tritiated water (3HOH), which is a relatively freely diffusible test substance. When the brain uptake of "HOH was termed lOO%, then the uptake of labeled norepinephrine was very small. It would appear that, under normal conditions, there is an effective barrier mechanism that is capable of preventing the entry of systemic norepinephrine into the cerebral interstitial fluid. Fluorescent microscopy techniques have helped to localize this blood-brain barrier mechanism for monoamines. The endothelial cells of the cerebral capillary walls contain both dopa decarboxylase and monoamine oxidase that together impede the passage of monoamines and their precursors into the brain (2). In contrast, free passage of norepinephrine occurs both in peripheral tissues and in those areas of brain known to be located outside the blood-brain barrier. Further insight into the nature of the blood-brain barrier has been obtained from electron microscope studies of the fine structure of the cerebral capillary endothelium. Reese and Karnovsky (32) demonstrated that it was tight junctions, cementing adjacent endothelial cells 9 that appeared to be responsible for the barrier mechanism that prevented their tracer, exogenous peroxidase, from entering the brain. Intraventricular norepinephrine. Feldberg and Sherwood (9) demonstrated that the intraventricular injection of norepinephrine, in doses of the same magnitude as used in this study, was capable of producing marked alterations in behavior. Studies using labeled tracers, such as inulin (30), urea and creatinine (28), have demonstrated the passage of these marker substances into the periventricular parenchyma after intraventricular injection. Thus, the ependyma lining the ventricles does not appear to have a barrier mechanism, even to molecules as large as inulin. Penetration of electron-dense tracers such as ferritin through the ependymal cells has been shown by electron microscopy (3, 4). Further morphological investigations have clarified the differences between the ventricular ependyma and the cerebral capillary endothelium. The cells of the former are joined by "gap" junctions (5), whereas the endothelial cells adhere together with impenetrable, pentalaminar structures, as discussed earlier. Thus, there would appear to be reasonable grounds to assume that norepinephrine injected intraventricularly could cross the ependyma. Secondary to this, there could be a rise of norepinephrine concentration in the cerebral interstitial fluid, which could affect cerebral blood flow and metabolism in at least two ways-by an indirect action through the brain stem (which might be supported by the rapid increase in CBF subsequent to intraventricular noradrenaline), or directly on the paraventricular tissue. A large dose of norepinephrine (40 pg/kg) was required to elicit an effect in our study, smaller amounts producing no effect. There are at least two reasons why such a large dose was necessary.
First, intraventricularly administered norepinephrine was probably mainly distributed among the tissues adjacent to the ventricle (6), although small amounts might reach the cortex underlying the subarachnoid space (12, 13). Therefore, it is likely that only this volume of paraventricular tissue was influenced.
Such areas of the brain are the most distant from the detector crystals used for measuring CBF in our investigation.
Accordingly, flow changes in paraventricular tissues would need to be very large in order to affect regional CBF, as measured by the 133Xe technique. For this reason it is probable that diffusion and methodological limitations account, in part, for the high dose of norepinephrine required to effect a change in hemispheric blood flow in this study. Second, intraventricularly injected norepinephrine is inactivated rapidly within the central nervous system, with rapid uptake mechanisms and enzymatic degradation being involved (6).
Intracarotid noradrenaline following hypertonic urea. In the series of six animals used as controls for the effect of urea alone in this investigation, there was neither an increase in cerebral blood flow nor in the cerebral rate of glucose metabolism.
Both autoregulation and the response of the cerebral circulation to Pacoz are intact following barrier disruption by hypertonic urea in the baboon (27). Rapoport et al. (31) has an almost universal aadrenergic vasoconstrictor action. Although a-adrenergic constriction has been induced in isolated cerebral vessels (24) and in pial vessels in vivo (40), the sensitivity of cerebral vessels to norepinephrine is low when compared to peripheral vessels. This low sensitivity and the protection afforded by the blood-brain barrier are possible explanations as to why little or no effect on cerebral blood flow has been noted previously with norepinephrine infusions (8, 11, 26 the blood-brain barrier. Since Wahl and his co-workers (39) reported that vascular P-receptors are of minor or no importance in the regulation of pial artery resistance,'it is unlikely that the increase in flow, noted with norepinephrine, was the result of a P-adrenergic vascular mechanism. In our investigations, the effects of norepinephrine on cerebral blood flow could not be dissociated from its effects on oxygen and glucose consumption by the brain. This finding raises the possibility that the responses observed, after circumvention of the blood-brain barrier by norepinephrine, could be the result of stimulation by norepinephrine of cerebral carbohydrate metabolism. The catecholamines are capable of stimulating oxygen and glucose consumption in almost every type of tissue examined (15). A number of in vitro studies have demonstrated that the catecholamines, including norepinephrine, can stimulate the production of cyclic 3',5'-AMP in brain tissue in many species (17, 22) .
However, with the methods employed in this study, it is not possible to say whether the stimulation of cerebral metabolism by norepinephrine is a direct phenomenon, or whether it is secondary to synaptic events within the brain (19, 35) . It is of interest to compare the current findings with those studies that indicate that the central norepinephrine systems are of importance in the electrocortical aspects of wakefulness, and in the arousal phenomenon (21).
In conclusion, the object of these studies was to determine the cerebral circulatory effects of norepinephrine after the blood-brain barrier had been bypassed. In neither of the two experimental series studied was any decrease in cerebral blood flow associated with the administration of norepinephrine. Once norepinephrine gains access to the cerebral interstitial fluid it would appear that the dominant circulatory response is vasodilation, this being accompanied by increased oxygen and glucose utilization by the brain. If any adrenoreceptors, mediating vasoconstriction, exist on the cerebral arteriolar smooth muscle, then the effects of stimulating these adrenoreceptors are not evident. The physiological significance of the increases in cerebral blood flow and metabolism, brought about by norepinephrine, remain to be determined.
